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ABSTRACT 


Airflow from convergent and convergent-divergent axisyinmetric nozzles expanded 
suddenly into a circular duct of larger cross-sectional area than that of nozzle exit 
asea. were studied experimentally, focussing attention on the ba^e pressure and the 
flow development in the enlarged duct. The flow parameters considered in this 
investigation are the Mach number at the nozzle exit and the primary pressure 
ratio (defined as stagnation pressure in the settling chamber to that of ambient 
atmosphere to which the flow from the suddenly expanded ducts were discharged). 
The geometrical parameters considered were the area ratio between the sudden 
expansion duct cross-section and the nozzle exit area and the length to diameter 
ratio of the enlarged duct. To investigate the influence of passive control on the base 
as well as on the flow field developing in the enlarged duct, passive controls in the 
form of cunnular rectangular cavities were provided at different locations along the 
length of the enlarged duct at its inner surface. The cavity aspect ratio (the width 
to depth of the cavity) used were 1 and 2. 

The Mach numbers used in the present study were in the range from 0.60 to 2.75. 
The area ratio covered ranges from 2.89 to 10. The primary pressure ratios used 
were in the range from 1.28 to 3.48. The length to diameter ratio of the enlarged 
duct was varied from 1 to 10. To investigate the effect of the flow quality at the 
nozzle exit on the base and on the flow developing in the enlarged duct, two kinds 
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of supersonic nozzles in the form of straight convergent-divergent and the de Laval 
nozzles were studied. In aJl the cases, in addition to base pressure and wall pressure 
measurement, the pressure loss was also measured by measuring the total pressure 
at the exit of the enlarged duct. 

The experimentad investigation on suddenly expanded flow field covering the 
above flow and geometrical parameters revealed that the base pressure is strongly 
influenced by the paurameters viz. the nozzle exit Mach number, the area ratio of the 
passage and the length to diameter ratio of the enlarged duct. The base pressure is 
found to be oscillatory for flow from straight convergent-divergent nozzles, whereas 
for flow from Laval nozzles the oscillations are insignificant. The base pressure 
increases with increase in Mach number in the supersonic rainge whereas in the 
subsonic range it decreases with increase in Mach number. The annular cavities are 
found to increase the base pressure with increase in their aspect ratio. The length 
to diameter ratio beyond 6 is of no significant influence on the base pressure. The 
effect of cavity on wall pressure development in the enlarged duct is significant for 
subsonic Mach numbers, whereas for supersonic Mach numbers the effect is only 
m£irginal. The wall pressure development in the enlarged duct revealed that the 
duct should have more than a definite minimum length for proper development of 
the flow. 

The total pressure loss increases with increase in Mach number, primary pressure 
ratio, area ratio and L/D ratio. Pressure loss is more for convergent-divergent nozzles 
compared to Laval nozzles. For a given primary pressure ratio and area ratio there 
exists a definite critical length of the enlarged duct giving a maximum secondary 
vacuum at the baise and a minimum pressure loss. 



SYNOPSIS 

Introduction 

Flow through nozzle which is expanded abruptly into a duct of larger ^u■ea is an 
interesting gasdynamic problem with a wide range of practical applications. As 
such, it has been the subject of research to a large number of investigators over 
many decades. Studies on this problem have been conducted both in compressible 
and incompressible flows. Extensive experimental and some theoretical/empericaJ 
correlations are av^ulable for specific cases to predict this phenomenon faiirly well 
in the subsonic regime of the flow. However, not much work heis been reported for 
flows in the supersonic regimes. The present study is an experimented investigation 
on this problem scanning a range of Mach number from subsonic to supersonic ved- 
ues. In addition, passive contols in the form of einnuleir rectangular grooves were 
introduced into the enlarged duct to study their influence on the base pressure and 
on the flow development in the enlarged duct. 

Experimental study of flow through nozzle with sudden enlargement 

The present work is concerned with air jets from convergent, convergent-divergent 
eind Laval nozzles suddenly expanded into a circular tube of cross-sectional area 
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larger than that of nozzle exit, which discheurges into the atmosphere. Studies were 
made with the enlarged duct with smooth inner smrface and with annular rectan- 
gular cavities at specified locations along its length. It is observed from literature 
that, so far, the investigators only aimed at studying the b 2 ise pressure, mostly for 
specific values of Mach numbers at the entry to the enlargement. Few attempts 
[60] were made to study the effect of passive control in the form of annular cavities. 
However, these studies were only for subsonic Mach numbers. Therefore, it was 
decided to conduct tests on a number of experimental models with different area 
ratio and L/D ratio, covering a range of nozzle exit Mach numbers from subsonic 
to supersonic values to decide on the critical length of the enlargement giving max- 
imum secondary vacuum with smooth flow development in the enlarged duct with 
and without passive controls. An experimentaJ facility as shown schematically in 
figure - 1 in chapter 3 has been used for the study. For measurement of stagnation 
and static pressures, long column ‘U’ tube and multichamnel mercury manometers, 
respectively were used. The base pressure, the stagnation pressure at the settling 
chamber, the total pressure at the exit of the enlarged duct and complete wall static 
pressure along the length of the enlarged duct were measured. The nozzles used 
gave Mach numbers of 0.60, 0.82, 0.96, 1.00, 1.58, 1.74, 2.06, 2.23, 2.40 and 2.75. 
The length of the enlarged ducts varied from one diameter to ten diameters in steps 
of one diameter. The ratio of the enlarged duct aurea to nozzle exit area was varied 
from 2.89 to 10 and measurements were made with au-ea ratios of 2.89, 6 and 10. 
The annular rectangular cavity aspect ratio, defined ais the ratio of cavity width to 
depth was varied from 1 to 2. 


Vll 



Results 


The main results of the present experimental study axe the following: 

1. The base pressure is strongly influenced by the geometrical paramc vers viz. 
the area ratio of the passage, the length to diameter ratio of the enlarged duct 
and also by the nozzle exit Maxi number. The effect of annulax cavity on base 
pressure is only marginal. 

2. The base pressure is found to be oscillatory for flow from convergent-divergent 
nozzles, whereas, for flow from Laval nozzles the oscillations axe almost in- 
significant. It is also insignificant for the flow from convergent nozzle. 

3. The annulax cavities are found to increase the base pressure with increase in 
their aspect ratio. However, for supersonic Mach numbers the base pressure 
decreases for cavity aspect ratio 1 and it increases for cavity aspect ratio 2, for 
L/D ratio upto 4. For L/D ratio more than 4, an increase in base pressure is 
always observed with increase in aspect ratio at all supersonic Mach numbers 
and for all the area ratios tested. It is also observed that the length to diameter 
ratio beyond 6 is of no significant influence on the base pressure. 

4. Base pressure is found to increase with increasing Mach numbers in the su- 
personic ramge. In subsonic range a decrease in base pressure is observed with 
increase in Mach number. Considerable oscillations were observed at few pri- 
mary pressure ratios for flows with supersonic Mach numbers. Influence of 
cavities is less pronounced for flows with high Mach numbers. It was also 
found that the base pressure behaviour was smooth and without oscillations 
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for flow from convergent nozzle in the Mach number range of 0.60 — 1.00. 

5. The effect of cavity on wall pressure development in the enlarged duct is 
marginal at supersonic flows whereas it is significant for subsonic Mach num- 
bers. The wall pressure distribution in the enlarged duct revealed that tie 
d>'Ct should have a definite minimum length for proper development of the 
flow. 

6. The effect of aspect ratio on W2J1 pressure is only marginal for supersonic Mach 
numbers, whereas it is considerable for subsonic Mach numbers resulting in 
the suppression of the oscillatory nature of wall static pressure field, thereby 
taking it smoothly from base pressure level to ambient atmosphere at the exit 
of the duct. 

7. TotsJ pressure loss increases with increase in Mach number, primary pressure 
ratio, area ratio and L/D ratio. In supersonic regime pressure loss increases for 
models with cavity aspect ratio 1 and decreases for models with cavity aspect 
ratio 2 for L/D ratio upto 4. Pressure loss is more for convergent-divergent 
nozzles in comparison to nozzles with method of characteristics contour. 

8. For a given primary pressure ratio and area ratio there exists a definite crit- 
ical length of the enlargement giving a maximum secondary vacuum and a 
minimum pressure loss. 

Contents of the thesis 

This thesis consists of five chapters and two appendices. A detailed bibliography is 
also provided. In chapter 1 the problem undertaken to be studied has been briefly 
described. This is followed by a literature survey related to the present problem. 
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The experimental set-up used in the investigations undertaken has been discussed 
in detail in chapter 3. The various data thus gathered have been analysed and ap- 
propriately presented, graphically or otherwise in chapter 4. The conclusions of the 
thesis form the body of chapter 5. Appendix A discusses some details of accuracy 
considerations in the present experimental set-up. Appendix B identifies further 
scope of work on similar lines based on the experiences gained by the author during 
the stages leading to this dissertation. 
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NOMENCLATURE 


D Diameter of the enlarged duct. 

L Length of the enlarged duct. 

H Depth of the cavity. 

W Width of the cavity, 
dt Nozzle throat diameter . 
do Nozzle exit diameter . 

M Nozzle exit Mach number. 

W /H Cavity aspect ratio. 

L/D Length to di£uneter ratio of enlarged duct. 

X Distance of the location of the pressure tapping along the enlarged duct length. 

X/L Ratio of distance of the location of the pressure tappings to the total length 
of the enlarged duct. 

ST Models with smooth inner surface. 

ASRl Models with annular cavity aspect ratio 1. 
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ASR2 Models with annular cavity aspect ratio 2. 


Pa Atmospheric pressure. 

Pb Base pressure. 

Pw Wall pressure. 

poi Total pressure in the settling chamber. 

Po 2 Total pressure at the exit of the enlarged duct. 
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Chapter 1 

INTRODUCTION 


1.1 Introduction 

The sudden expansion problem both in subsonic and supersonic regimes of flow is 
of general interest with a wide range of applications. The use of a jet and a shroud 
configuration in the form of a supersonic parallel diffuser is an excellent application of 
sudden expansion problems. Another interesting application is found in the system 
used to simulate high altitude conditions in jet engine and Rocket engine test cells; 
a jet discharging into a shroud and thus producing an effective discharge pressure 
which is subatmospheric. A similar flow condition exists in the exhaust port of an 
internal combustion engine, the jet consisting of hot exhaust gases passing through 
the exhaust vaJve. Another relevant example is to be found in the flow around the 
base of a blunt edged projectile in flight where the expainsion of the flow is inward 
rather them outwaxd as in the previous example. 
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1.2 Outline of the thesis 


The abrupt expansion of a jet of gas is a problem of general interest which occurs 
in a variety of flow systems. The configuration of a jet and duct is used as a 
supersonic parallel diffuser. However in most of the cases the enlarged duct used 
has a smooth continuous inner surface. The present work is mainl^ concerned with 
adr jets expanding into short lengths of duct with cavities and finally discharging into 
the atmosphere. The pressure ratio across the duct, nozzle exit Mach number, the 
length to diaumeter ratio( width to depth) of the cavity were treated ais independent 
paraimeters. The baise pressure, flow development in the enlarged section and totad 
pressure loss were systematically investigated. Oscillations of the baise pressure were 
aJso studied. The jet wais discharged into the atmosphere and the investigation was 
carried out for the following values of pressure ratios; 2.10, 2.38, 2.65, 2.93, 3.21 and 
3.48. Three different models having area ratios of 10, 6 and 2.89 were tested. For 
adl the models the length to diameter ratio of the enlargement portion was varied 
between 1 amd 10 in steps of 1. Three types of models were tested; models without 
cavities i.e. models with smooth inner surface along the enlau-ged duct length (ST), 
models with cavities of aispect ratio 1 (ASRl) and models with cavities of aspect 
ratio 2 (ASR2). For the convergent nozzle, the pressure ratio was varied from 1.28 
to 3.48, in the steps of 0.28. 

In totaJ 6 nozzles with Maw:h numbers 2.75, 2.40, 2.23, 2.06, 1.74 and 1.58 were 
tested. One convergent nozzle wais also tested for Mach numbers .60, .82, .96 and 
1.00. Out of these seven nozzles three had method of chMacteristics contours after 
the throat, three nozzles were straight conical type with short diffusing passage, the 
amgle of diffuser being 10. The seventh nozzle wais convergent straight conical type. 
Each nozzle had exit diameter 10 mm and throat was varied from 5.5 mm to 9 mm 
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to obtain different values of Mach numbers. The cavities of aspect ratio 1 had width 
and depth both 3 mm. The cavities of aspect ratio 2 had width 6 mm and depth 3 
mm. 

In the continuum regime, for the flow through a sudden enlargement in a tube, a 
wide range of experimental data and theoretical and empiricad correlations i o predict 
the flow pairameters are available in literature. However, the available experimen- 
tal data for models with cavities (known as passive control) is very few. Further, 
most of the work reported in literature is for a particular value of nozzle exit Mach 
number. The above status of the problem is the cause for the modest experimental 
investigation of the present study to fill up some of the vital gaps in the literature 
database. 
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Chapter 2 


LITERATURE REVIEW 


The flow field of abrupt axi-symmetric expansion is a complex phenomenon char- 
acterized by flow separation, flow recirculation and reattachment. Such a flow field 
may be divided by a shear layer into two main regions, one being the flow recircu- 
lation region and the other the main flow region. The point at which the dividing 
streamline strikes the wall is called the reattachment line. 

There is a large amount of data about sudden expansion problems in literature. 
However, they are for specific cases for flow and geometrical parameters. It will 
become voluminous if the entire literature is scanned in this chapter. Therefore, 
the information which is directly associated with the present investigation only is 
reviewed here. 

Borda [1] seems to be the first to investigate the problem of sudden enlargement 
in flow of water tlirough sudden increase in duct cross-section. Nusselt [1] appears to 
be one of the first to conduct experiments with high velocity gas flow through ducts 
with sudden increse in flow cross-section. From his intensive experimental study in 
subsonic and supersonic flow, he concluded that the base pressure will be equal to 
the entrance pressure if the entrance velocity is subsonic, but if the entrance flow 
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is supersonic, the base pressure could be equal to or less than or greater than the 
entrance pressure. But no attempt was made by Nusselt to determine the factors 
governing the base pressure. 

The effect of boundary layer on sonic flow through an abrupt cross-sectional eurea 
was studied by Wick [1]. He observed experimentally that the pressure in the coner 
of exp ansion was related to the boundary layer type and thickness upstream of the 
expansion. He considered boundary layer as a source of fluid for the corner flow. 
But in view of Hoerner [1] the boundary layer was an insulating layer that reduces 
the effectiveness of the jet as a pump.The beise corner was thought of as a sump 
with two supplies of mass. The first was the boundary layer flow around the corner 
and the second source was the backflow in the boundary layer along the wall of the 
expanded section. This backflow occured because of the pressure difference across 
the shock wave originating where the jet striked the wall. He concluded that the 
mechanism of internal 2 uid external flow was principally the same and base pressure 
phenomenon in external flow could be studied relatively easily by experiments with 
internal flow. 

Korst [2] investigated the problem of base pressure in treinsonic and supersonic 
flow for cases in which the flow approaching the base is sonic or supersonic after 
the wake. He devised a physical flow model based on the concepts of interaction 
between the dissipative shear flow and the adjacent free stream and the conservation 
of mass in the wake. His results agreed closely with the experimental data of Wick. 

Hall and Orme [4] studied compressible flow through a sudden enlargement in a 
pipe both theoretically and experimentally and showed a good agreement between 
theoretical and experimental results. They developed a theory to predict the Mach 
number in a downstream location of sudden enlargement for known values and Mach 
number at the exit of the inlet tube, with incompressible flow assumptions. They 
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also assumed that the pressure across the face of the enlargement was equal to the 
static pressure in the small tube just before the enlargement. But this assumption is 
far away from the readity since it is a well established fact that the pressure across the 
face in the recirculation region namely the base pressure is very much different from 
the pressure in the smaller tube just before the anlargement. They used a nozzle 
and tube arrangement for the experimental and studied the problem with a range 
of throat Mach numbers from 0 to 1. Benedict [8, 9, 10, 12, 23] with various other 
investigators analyzed the sudden enlargement problem in an elaborate manner both 
theoretically and experimentally. 

Ackeret [13] discussed special features of internal flow. He concluded that there is 
a predominant role played by the equation of continuity, especially if compressibility 
is involved and in aeronautics big deflections of the air streams are avoided as far 
as possible but in ducted flow, they may be quite common. If the width of the duct 
is not growing too fast along it’s length, separation is followed by reattachment. He 
observed that in case of internal flows also, three dimensional boundary layers can 
appear as in extern 2 J flow He presented the article on the aspects of the internal flow 
covering different types of internal flows describing some of the aspects of separation, 
reattachment and pressure fluctuations that are cissociated with sudden enlargement 
flows. 

Anderson amd Williams [14] worked on base pressure and noise produced by the 
abrupt expansion of air in a cylinderical duct. They used stagnation pressure ratios 
of the forcing jet to atmospheric of upto six for various length to diameter ratios. 
With an attaw:hed flow the base pressure was having minimum value which depend 
mainly on the duct to nozzle area ratio and on the geometry of the nozzle. The plot 
of overall noise showed a minimum at a jet pressure approximately equal to that 
required to produce minimum base pressure. 
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Durst, Melling and Whitelaw [20] studied low Reynold’s number flow over a 
plane symmetric sudden expansion. The flow was depending totally on Reynold’s 
number and the nature wais strongly three dimensional. At higher Reynold’s number 
the flow became less stable and periodicity became increasingly important in the 
main stream, accompanied by a highly disturbed fluid motion in the separation 
?ones as the flow tended towards turbulence. They reported flow visualization and 
laser anemometry measurements. At Re of 56 the separation region behind each 
step were of equal length for each step but at Re of 114, the two separation regions 
were having different lengths leading to symmetrical velocity profiles. At Re of 
252, a third separation zone ws found on one wall. There were substantial three 
dimensional effects in the vicinity of the separation regions. 

Cherdon, Durst and Whitelaw [26] studied symmetric flows and instabilities 
in symmetric ducts with sudden expansion . Asymmetric flows were caused by the 
disturbances generated at the edge of the expansion and amplified in the shear layers. 
The spectral distribution of the fluctuations in velocity are quantitatively related 
to the dimensions of the two unequal regions of flow recirculation. They showed 
that the intensity of fluctuating energy in the low Reynold’s number flows can be 
larger than that in corresponding turbulent flows. Durst et. al. [20] demonstrated 
that synunetric flows can can exist in two- dimensional plane, symmetric, sudden- 
expansion ducts for only a limited range of Reynold’s numbers. At higher Reynold’s 
numbers, the small disturbances generated at the tip of the sudden expansion are 
amplified in the shear layers formed between the main flow amd the recirculation flow 
in the corners. The result was a shedding of eddy-like patterns which alternated from 
one side to the other with consequent asymmetry of the mean flow, particulairly of 
the dimensions of the two regions of recirculation. Although the flow was three- 
dimensional, it’s major features could be understood by considering the interaction 
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of two-dimensional shear layers. 

Brady and Acrivos [32] studied closed-cavity laminar flows at moderate Reynold’s 
number. They suggested that similarity solutions should be viewed with caution 
because they might not represent a real flow once a critical Reynold’s number was 
exceeded. 

The flow field in a suddenly enlarged combustion cha m ber was studied exper- 
imentally by Yang zmd Yu [33]. The combustion chamber consisted of plexiglass 
circular duct with a suddenly enlarged section followed by a nozzle. The Reynold’s 
number based on the inlet duct dijuneter and centre velocity was 6.4 x 10'* . The 
wall pressure measurements were carried out with a laser-Doppler anemometer. De- 
tailed profiles of mean velocities, turbulent intensities, turbulent shear stresses and 
wall pressure distrbution was developed. The dividing streamline, the reattachment 
point and the magnitudes of the mean kinetic energy and turbulent kinetic energy 
were also determined. They observed that the laser-Doppler anemometer with a fre- 
quency shifter was a useful instrument for measuring reverse flow fields, especially 
for the highly turbulent flow field encountered in the study. Me^lsurements from a 
conventional hot-wire anemometer might present considerable errors. 

Rathakrishnan and Sreekanth [34] studied flows in pipes with sudden enlarge- 
ment. In their experiments, the flow of air from a plenum chamber to a circular 
cross-section constant area tube was made to expand suddenly by having an abrupt 
change in cross-sectional area. The pressure ratios covered ranged from 1.1 to 3 and 
the area ratio of the expansion was varied from 2.78 to 8.38. Length- to-diameter 
ratio was varied from 1 to 10. Total heawi pressure at the axis of symmetry at 
the plane of enlargement and the static pressure variation along the wall of duct 
were measurefi. They concluded that the non-dimensionalised base pressure is a 
strong functio|i of the expansion area ratios, the overall pressure ratios and the duct 
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length-to-diameter ratios. 

They showed that for a given overall pressure ratio and a given area ratio, it 
is possible to identify an optimal length-to-diameter ratio of the enlargement that 
will result in maximum exit plane total pressure at the nozzle exit on the symmetry 
axis (i.e. minimum pressure loss in the nozzle) 2 md in a minimum oase pressure 
at the sudden enlargement plane. The separation and reattachment seemed to be 
strongly dependent on the area ratio of the inlet to enlargement for a given nozzle 
and enlargement area ratio, the duct length must exceed a definite minimum value 
for minimum base pressure. For an optimum performance of flow through pipes 
with sudden enlargement, it is not sufficient if the base pressure minimization alone 
is considered. The total pressure loss must also be taken into 2 w:count. 

Raghunathan and Mabey [43] studied passive shock- wave / boundary layer con- 
trol on a wall-mounted model. They evaluated the effects of the orientation of holes 
on the passive shock-wave / boundary layer control, incorporating three hole orien- 
tations; normal, forw^lrd facing and backweurd facing. The porosity used was 1.6%. 
Their measurements included static and dynamic pressures on the model’s surface, 
wake traverses. They have visualized the field with sh 2 ulowgraphs. The forward 
facing holes located around shock position showed an appreciable decreeise in drag 
compared with solid surface model. 

Raghunathan [44] studied pressure fluctuation measurements with passive shock 
/ boundary layer control. He concluded that passive shock / boundary layer control 
in transonic flow could reduce pressure fluctuations in the region of shock / boundary 
layer interaction and hence suppresses buffeting. 

Ragimatham [45] also studied the effect of porosity strength on passive shock- 
wave / boundary layer control and found that the forward-facing holes configuration 
with a porosity of 1-2% produces maximum drag reduction. 
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Wilcox Jr. [51] studied the passive venting system for modifying cavity flow fields 
at supersonic speeds. Experimentally he showed that a passive venting system could 
be employed to control cavity flowfields at supersonic speeds, specifically the passive 
venting system had been used to extend the 1/h value before the onset of high drag- 
producing closed cavity flow. In his experiments the porous floor eliminated the 
large drag increase for 1/h > 12. There is tremendous increase in Jo for 1/h > 12 
but for the porous floor having more di 2 imeter the decrease in Cp is comparatively 
very less with the floor having less diameters. 

Tanner [52] studied base cavity at amgles of incidence. He concluded that a 
base cavity could increase the base pressure and thus decrease the base drag in 
axisynunetric flow. He varied the angle of incidence from 0 to 25° . At a = 2° , he 
found the maximum drag decrease. 

Rathakrishnan, Ramanaraju and Padmnaban [60] studied the influence of cavi- 
ties on suddenly expanded subsonic flowfield. They concluded that the smoothening 
effect by the cavities on the main flowfield in the enlarged duct was well pronounced 
for large ducts and the cavity aspect ratio had significant effect on the flowfield 
as well as on the base pressure. They studied air flow through a convergent axi- 
symmetric nozzle expanding suddenly into an annular circular parallel shroud with 
annular cavities experimentally. From their result it is seen that increase in aspect 
ratio from 2 to 3 results in decrease of base pressure but for increase in aspect ratio 
from 3 to 4, the base pressure goes up. 

The effectiveness of passive devices for axi-symmetric base drag reduction at 
Mach 2 was studied by Viswanath and Patil [63]. The devices examined included 
primarily base cavities and ventilated cavities. Their results showed that the ven- 
tilated cavities offered significant base-drag reduction. They found 50% increase in 
base pressure and 3 to 5% net drag reduction at supersonic Mach numbers for a 
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body of revolution. 

Kruiswyk and Dutton [65] studied effects of base cavity on subsonic near-wake 
flow. They experimentally investigated the effects of a base cavity on the near-wake 
flowfield of a slender two dimensional body in the subsonic speed range. Three basic 
configurations were investigated and compared, they are i blunt base, a shallow 
rectangular cavity base of depth equal to one half of the bcse height and a deep 
rectangular cavity base of depth equal to the base height. Schlieren photographs 
revealed that the basic qualitative structure of the vortex street was unmodified by 
the presence of a base cavity. The weaker vortex street yielded higher pressures in 
the near- wake for the cavity bases, and increases in the base pressure coefficients of 
the order of 10-14%, and increses in the shedding frequencies of the order of 4-6% 
relative to the blunt-based configuration. 

It is evident from the above review that there is a need for studying the sud- 
den expemsion problems in the supersonic flow regime to bridge the gap of data in 
literature. Especially, suddenly expanded flow with passive control seems to be of 
interest with many applications. Hence the present study of the problem of sud- 
denly expanded flow field from subsonic to supersonic regime, covering a range of 
geometrical parameters has been studied with aind without passive controls. The 
passive controls choosen in the present study is rectangular annular cavities at spec- 
ified locations at the inner surface of the enlarged duct. Further, supersonic flow 
field from convergent-divergent as well as from the LavaJ nozzles has been studied. 
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Chapter 3 

EXPERIMENTAL APPARATUS 
AND PROCEDURE 


The experimental apparatus of the present study consists of four main components. 
They axe (i) the compressor unit, (ii) flow system, (iii) the experimental models, 
and (iv) the pressure measuring instruments, as shown schematically in Fig. 1. 


3.1 The Compressor Unit 

The high pressure dry air required for the experimental investigation on suddenly 
expanded flow fields was supplied by high pressure storage tanks of 1000 cubic 
feet volume each. These tanks axe charged by reciprocating type high pressure 
compressor driven by 150 HP ac motor. The compressed air from the compressor was 
passed through an after-cooler and then through a drier unit consisting of silica gel 
and electrical heaters before reaching the storage tanks. This arrangement facilitated 
supply of moisture free dry air at high pressure for the experimental runs. For 
the present study, the tanks were charged at about 200 psi before starting the 
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Figure 1: Schematic diagram of experimental set-up 
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experiments. 


3.2 Flow System 

The flow system consists of the pipe lines, pressure rt ^ulating valves and the settling 
chamber. The compressed dry air at high pressure is ai; owed though a gate valve and 
a pressure regulating valve, before reaching the settling chamber. The air is brought 
to stagnation in the settling chamber, before expansion through the experimentzJ 
models. The settling chamber is provided with a diffuser followed by wire mesh 
screens to achieve stagnation isentropically. The settling chamber was fabricated 
out of a mild steel cylinder having inner diameter of 406 mm, length 546 mm and 
wall thickness 6 mm. A pressure lead was connected to U-tube manometer to 
measure the settling chamber pressure. It was also read by a dial gauge. 

The level of stagnation pressure in the settling chamber is controlled by the 
pressure regulating valve, from few mm of mercury to few atmospheres, and the 
pressures required for the present studies have been achieved with this valve. The 
dry air at a settled equilibrium at a desired pressure was expanded through the 
experimental model which is a nozzle followed by a suddenly enlarged duct. The flow 
of air coming out from the enlarged duct was discharged to the ambient atmosphere. 
The entire flow system was tasted up to a pressure of 500 psi. 

3.3 The Experimental Models 

The models of the present study consist of an axisymmetric nozzle followed by a 
concentric axisymmetric duct of larger cross-sectional area. For nozzle exit Mach 
numbers in the range from incompressible subsonic to unity, a conical convergent 
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nozzle, shown in Fig. 2 was used. The exit diameter 10 mm of the nozzle was 



Figure 2: Sudden expansion model with convergent nozzle 

kept constamt and different area ratio of the model, defined as the ratio of the 
cross-sectional area of the enlarged duct to that of the nozzle exit, was achieved 
by changing the diameter of the enlarged duct. For every diameter of the enlarged 
duct, its length-to-diameter ratio was varied from 1 to 10 by adding pieces of one 
diameter length each and holding them together with a flange and threaded rod 
arrangement, shown in Fig 3. Care was taken to ensure that there were no leaks at 
the joints during the experimental runs. 

The supersonic nozzles used were convergent-divergent type, as shown in Fig. 4. 
The exit diameter of these nozzles were kept the same as that of convergent model in 
order to maintain the area ratios same for both convergent and supersonic hozzles, 
with the same set of enlarged ducts. The required supersonic Mach numbers were 
achieved by adjusting the throat diameter of the nozzles to result in the appropriate 
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Figure 3: Details of enlarged duct and schematic of model 
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D = 17, 24-5 and 31-6 mm 

Figure 4: Sudden expansion models with convergent-divergent nozzle 

area ratios required for the supersonic Mach numbers of interest. The nozzles to give 
Mach number range from 0.60 to 2.75 were fabricated out of extruded brass rod and 
tested. A total of seven nozzles were fabricated for the present study. Among the 
seven nozzles three were parallel nozzles fabricated using method of characteristic 
contours for comparison of the suddenly enlarged flow fields from conical and parallel 
nozzles. 


3.3.1 The Nozzle Details 

Six convergent-divergent nozzles were fabricated with the same exit diameter 10mm 
and the throat diameters were 9.0, 8.5, 7.5, 7.0, 6.5, and 5.5 mm and the corre- 
sponding Msich numbers were 1.58, 1.74, 2.06, 2.23, 2.40, and 2.75 respectively. 
Every nozzle was given convergence angle of 30°. The diffuser angle was kept at 
10° for the three nozzles with throat 9.0, 7.5, and 6.5 mm for convergent-divergent 
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Table 1: Specifications of the nozzles 


S.No. 

Desig. 

Throat dia. 
(mm) 

Length 

(mm) 

A/A, 

Mach No 


Ni 

10.0 

45.0 

1.0000 

1.00 



9.0 

30.0 

1.2346 

1.58 


N^, 

8.5 

53.0 

1.3841 

1.74 


^3 

7.5 

37.0 

1.7778 

2.06 



7.0 

63.0 

2.0408 

2.23 

6 


6.5 

47.0 

2.3669 

2.40 

7 

N,i 

5.5 

64.0 

3.3058 

2.75 


conical nozzles. The remaining three nozzles with throat diameter 8.5, 7.0, and 5.5 
mm were fabricated with method of characteristics (MOC) contours with the help 
of the available form tools. The nozzles with MOC contours had larger length after 
the throat compared to convergent-divergent coniccd nozzles. For subsonic and sonic 
Mach numbers one convergent nozzle with 10.0 mm exit was also fabricated. 

3.3.2 Designation of the Nozzles 

The specifications of the nozzles used in the experiments are given in Table 1. 

The nozzles designated as iVj and iVj/ had nominal throat diameter almost the 
same but N^i has length after the throat due to MOC contour. Similar was the case 
with the nozzles and N^i. Nozzle also had MOC contour after the throat. 

To measure the base pressure two tappings were taken at the radial positions of 
6.5 and 7.5 mm from the axis of the duct. 
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3.4 Suddenly Expanded Ducts 

The suddenly expanded ducts were fabricated out of brass. Three sets of models 
were fabricated with area ratios 10.00, 6.00 and 2.89. Each model contained ten 
pieces of Imgth to diameter ratio 1 so that the complete set can have LfD ratio 
varying fron 1 to 10. The area ratio for the model was defined as the ratio of the 
enlarged pipe area to that of the nozzle unit. The ratios used were 10.00, 6.00 and 
2.89. The pressure tappings were made with 1.6 m OD stainless steel tubes inserted 
into the models, as shown in Fig. 5, and Fig. 6 and these tubes were made airtight 



Figure 5: Details of wall pressure tappings 

with help of Araldite. After experimentation with straight models without annular 
cavities, cavities were provided on each model at fixed intervals as was shown in 
Fig. 2. The cavity had width and depth of 3 mm each and later on for further 
ex|>erimentation the width was increased to 6 mm keeping the depth same. The 
aspect ratio of the cavity was defined as the ratio of width to depth. The static 
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ASR 2 : Cavity of aspect ratio 2 


Figure 6: Details of cavity 

pressure tappings at equal intervals were provideed on each model along its length. 
The distances between tappings were kept 3,5, and 8 mm for the models of area 
ratios 2.89, 6, and 10 respectively. The details of the tappings are shown in Fig. 5 
and Fig. 6. 


3.5 Measuring Instruments 

The following me€isuring instruments were used: 

1. A long ’U’ tube mercury manometer was fabricated to measure settling 
chamber pressure /qi in conjunction with a dial gauge. 

2. Another ’U’ mercury manometer was fabricated to measure the total 
pressure at the exit of the enlarged duct. The total pressure at the exit 
was measured with help of a total pitot probe, made of stainless steel 
tube of 1.6 mm outer diameter. 

3. A mercury multimanometer w«is fabricated for measuring base pressure 
and the wall pressures at various X/L locations. 
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4. A thermometer was provided to me 2 isure the settling chamber tempera- 
ture. 

5. A mercury barometer was used to measure the ambient pressure. 


3.6 Experimental Runs 


As shown in Fig. 1 compressed eiir for the storage reservoir was allowed through 
a gate valve to settling chamber ahead of the nozzle section. The settling chamber 
was utilized to allow the air to enter the nozzle at very low velocities. Stagnation 
pressure in the settling chamber was controlled by the pressure regulating valve and 
it was varied from 2.10 atmosphere to 3.48 atmospheres. 

The behaviour of the flow in the enlargement was determined by the wall static 
pressure measurements as well as by the meaisurements of base pressure. Stagnation 
pressure ratio was varied from 2.10 to 3.48 in steps of 0.28. Area ratio was varied 
from 10.00 to 2.89. Cavity aspect ratio used were 1 and 2. For each aurea ratio, 
the LjD ratio used were 1,2, 3, 4, 5, 6, 8, amd 10. Three types of models were tested; 
first the models with straight inner surface, second the models with cavity aspect 
ratio 1 and third the models with cavity aspect ratio 2. The procedure adopted 
in the experiments were the same for every test run made. The first step in the 
experimental procedure was to charge the compressed air storage tanks. Then the 
stored dry adr at high pressure in the tanks was allowed through the valves to flow 
through the experimental model. A view of the experimental model connected to 
stagnation chamber with base pressure and static pressure tapping connection are 
shown in Fig. 1. 


The flow was adjusted with the regulating vaJve unit. The desired pressure at 
the stagnation chamber was reached and maintained. When the flow beoEme steady 
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the primary pressure at the stagnation chcimber was recorded. At the steady flow 
conditions, the base pressure, the wall static pressures and the total pressure at 
the unit were noted from the manometers. The total pressure at the stagnation 
chamber and the total pressure at the unit were measured with the long column ’U’ 
tube mercury manometers. 

When data for all the primau-y pressure ratios starting from 3.48 to 2.10 in ';he 
steps of 0.28 had been obtained for a particular LjD ratio of the enlarged duct, the 
LjD ratio was changed to get another desired LfD ratio, then again starting with a 
primary pressure ratio of 3.48, the entire process was repeated. Then the model was 
provided with cavity of aspect ratio 1 amd the whole process was repeated. Then 
the same model was provided with cavity of aspect ratio 2 and the same process 
repeated. Thus the readings for one area ratio were taken. 

Upon completion of tests for one area ratio the enlargement duct was removed 
and the next duct was fitted to the nozzle and the data for new area ratio was 
obtained by repeating the entire process. 

3.7 Data Analysis Procedure 

The base pressure and the wtill static pressure were non-dimensionalised with the 
ambit pressure as Pfc/Po and PwfPa, respectively, aifter recalculating all readings 
from gauge pressure to absolute pressures. Total pressure loss was calculated in 
percentage by meeisuring the total pressure Pqi iii settling chamber and the total 
pressure P 02 at the enlarged duct exit. 
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Figure 7: A view of the experimental set-up with model and instrumentation 
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Figure 8: Experimental model with wall pressure tappings and total pressure probe 
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Figure 10: Pitot probe 


Figure 9: Experimental model with Pitot probe to measure pressure loss 
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Figure 13: Multitube manometer 
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Chapter 4 

RESULTS AND DISCUSSION 

4.1 Studies in Supersonic Regime 

4.1.1 Variation of Base Pressure with Mach Number 

The results of base pressure P^/Pa of the present experimental investigation as a 
function of the parameters of nozzle exit Mach number, enlargement L/D ratio, 
model area ratio, primary pressure ratio Poi/Po 3-nd cavity aspect ratio, defined 
as width to depth of the aanular cavity, are presented in figures 14 to 22. Both 
baise pressure and the primary pressure are non-dimensionalized with the ambient 
atmospheric pressure. Even though six primary pressures in the range from 2.10 to 
3.48 have been tested, only three of them which are representative of the set are 
used for highlighting the base pressure and flow characteristics. 

Figures 14 to 16 present base pressure variation with Mach number for area ratio 
10 and primary presure ratios of 2.10, 2.65 and 3.48. It is seen from these figures that 
the enlargement length to diameter ratio has significant effect over the base pressure 
when the Mach number is more than 1.8. However, for low values of L/D ratio from 
1 to 2 the effect of Mach number on the base pressure is only marginal. Also the 
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Figure 14: Base pressure variation with Mach number 
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Figure 15: Base pressure variation with Mach number 
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variation of Pj/P^ with Mach number shows a steep increase with increasing Mach 
number for L/D 4 and 6. Whereas for L/D 1 and 2 the variation is not showing any 
specific trend. Xhe reason for the above behavior of base pressure with Mach number 
may be attributed to the wave structure which is prevailing in the enlarged duct. 
Since the pressure ratio covered in the present study results in underexpanded flow 
as the nozzle exit for primary pressure ratio 3.48 for Mach number below 1.48 and 
for pressure ratios 2.65 and 2.10 the Mach numbers are 1.26 and 1.09 respectively. 
Thus for Mach number 1.2, the flow is under expanded for pressure ratios 3.48 and 
2.65. Whereas the flow is overexpanded for pressure ratios 2.10. Therefore when the 
enlarged duct has sufficient length for the waves which are generated at the exit of 
the nozzle to attach, the under and over expansions control the base pressure. This 
aspect is clearly seen from the above figures, That is for L/D 4 and 6, it is seen 
from the figure that the underexpanded flow results in low base pressure at Mach 
1.2 for longer ducts compared to the shorter ducts. This explains that the L/D 2 
or less is not sufficient for the waves from the nozzle exit to attach with the duct. 
The random behavior of P6/Pa with M also may be due to the fact that waves were 
unable to have any influence over the base pressure when the duct is very short. 

For the nozzle exit Mach number more than 1.5 all the pressure ratios result in 
only over expansion, thereby generating shock at the nozzle exit. If the duct length 
is sufficient enough for this shock to attach, this will result in increase of pressure 
with increase in Mcich number. This effect is clearly seen from these figures for L/D 
4 and 6. The cavity aspect ratio has got only marginal effect on base pressure for 
L/D 6 and above at all the pressure ratios tested. However, for L/D less than six 
the aspect ratio has considerable influence on base pressure at all pressure ratios. 
But it does not show any well defined trend as it is seen form the figures 14 to 16. 

The variation of base pressure with Mach number for model area ratio 6 is plotted 
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in figures 17 to 19 for other parameters same as in figures 14 to 16. It is clearly 
seen from these figures that the model area ratio has got very strong effect on the 
base pressure when the duct is of sufficient length for the flow from the nozzle to 
attach and propagate. Compared to area ratio 10, area ratio 6 results in significant 
reduction in base pressure for L/D 4 and 6. Further the cavity aspect ratio seems to 
have influence over base pressure even for L/D 4 and 6 unlike in the case of model 
with area ratio 10. For L/D 4 and 6 the increase in cavity aspect ratio results in 
decrease of base pressure at all Mach numbers even though the decrease is not high. 
However, for L/D less than 4 the effect of aspect ratio is not well defined as before. 

The effect of decrease in model area ratio on the base pressure is seen from 
figures 20, 21 and 22 for primary pressure ratios 2.10, 2.65 and 3.48, respectively. 
The cavity influence on the base pressure is seen for all the Mach numbers tested 
even for L/D 4 and 6. However, for L/D 2 and 1 the behavior of base pressure with 
Mach number does not show any well defined pattern like that for the models with 
area ratio 6 and 10. But unlike the previous area ratios the base pressure increases 
with increasing Mach number even for L/D 2 and 1. This may be due to the fact 
that the enlargement area is small enough for the shocks/expansion waves to attach 
with the enlarged duct wall thereby influencing the base zone. That is increase in 
Mach number, resulting in increased degree of over expansion, generating stronger 
shocks at the nozzle exit forcing the beise pressure to shoot up with Mach number 
increase is clearly seen from these figures. 

4, 1.2 Variation of Base Pressure with L/D Ratio 

The cross plots of base pressure variation with L/D are shown in figures 23, 24 and 
25. From these results it is evident that the effect of L/D on base pressure is drastic 
in the range of L/D from 1 to 6 for all the area ratio and at all primary pressure 
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Figure 19: Base pressure variation with Mach number 































ratios. For L/D more than 6 the base pressure becomes almost independent of L/D 
at all area ratios and primary pressure ratios. However, the cavity aspect ratio 
influences the base pressure for area ratio 2.89 significantly in the range of L/D 
from 6 to 10, making the base presure to assume values which are larger than that 
for models with plane wall. That is, the base pressure increases with increase in 
cavity aspect ratio ior L/D more than 6. But for area ratio 6 and 10, as it was seen 
earlier that the secondary influence created by the cavity are unable to overcome 
the primary relief experienced by the main flow, thereby rendering the cavities to 
become ineffective in influencing the base pressure. This results of base pressure 
becoming independent of L/D, for L/D more than 6, is in excellent agreement with 
the results reported by Rathakrishnan and Sreekanta [34] with flow through tubes 
with smooth inner surface expanded suddenly into an axisymmetric tube of laxger 
area. 


4.1.3 Variation of Base Pressure with Primary Pressure 
Ratio 

The cross plots of base pressure ratio Pb/Po as a function of primary pressure ratio 
are presented in figures 26, 27 and 28 for model area ratios 10, 6 and 2.89 respec- 
tively. For area ratio 10, which is the geometry with maximum relief, in the present 
study, it is seen that the cavity aspect ratio seems to have practically insignificant 
effect on the base pressure when L/D is more than 4. Even for shorter ducts with 
L/D less than 3 the cavity influences is only marginal for pressure ratios upto 2.65. 
Only for higher pressure ratios there exists some marginal effect of the cavity on 
the base pressure. Even though the results presented are for the particular Mach 
number of 1.74, this is the trend for other values of supersonic Mach numbers tested. 
Further, when L/D is 1 for area ratios 10 and 6 the flow does not seem to influence 
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Figure 27: Base pressure variation with primary pressure ratio 
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the base region at all, thereby revealing that the enlarged duct length is not sufficient 
for the flow from the nozzle to get attached to the enlarged duct on expansion. 

For area ratios 6, the cavity influences the base pressure significantly for L/D = 
2. However, for L/D more than 4 the influence is almost nil upto pressure ratip of 
2.93. For higher pressure ratios there is marginal effect of cuvity on base pressure 
for aspect ratio 2. 

The results for area ratio 2.89 shows that, the cavity has got significant effect at 
all values of primary pressure ratios and for all L/D values. This is due to the fact 
that the relief effect experienced by the flow at this area ratio is considerably less 
than that experienced by the flow for are ratios 6 and 10. Therefore the secondary 
disturbances introduced by the cavities could be able to influence the main flow 
field considerably, thereby rendering the base pressure to be a function of the cavity 
aspect ratio. Even at L/D = 1 the cavity influences the base flow indicating that, 
the flow from the nozzle could able to attach with the enltirged duct on exp 2 insion 
for this area ratio. 

4.1.4 Variation of Base Pressure with Area Ratio 

The results of base pressure variation with area ratio for Mach number 1.74 at three 
pressure ratios of 2.10, 2.65 and 3.48 are shown in figures 29, 30 and 31, respectively. 
It is seen from these figures that, for area ratio more than 6, the base pressure shows 
a monotonic increase with area ratio and it is independent of the cavity aspect ratio. 
For area ratio in the range from 2.89 to 6 the base pressure experiences very steep 
rise compared to its increase in the range of area ratio from 6 to 10. The aspect ratio 
influences the base pressure strongly for area ratio 2.89. However, the effect of area 
ratio on base pressure decreases with increase of area ratio. When the model is with 
L/D = 1, the behavior of base pressure with area ratio shows different behavior with 
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different pressure ratio. As this was discussed earlier, this is due to the iiAility of 
the flow to attach with the enlarged duct on its expansion from the nozzle 

4.1.5 Oscillations of Base Pressure 

The bat e pressure was found to show mild oscillations above and below is mean 
value, recvjirded as the base pressure, for subsonic value of nozzle exit Machaumber. 
However, for supersonic values of nozzle exit Mach number the base flow showed 
significant oscillations. Further these oscillations were found to be violent for con- 
vergent divergent nozzles and was almost negligible for parallel nozzles ifesigned 
with method of characteristics. The aspect ratio of the cavity is also of conaderable 
influence on all Mach numbers of the convergent divergent nozzles. It is iiSeresting 
to note that even the secondary disturbances created by the cavities get smpressed 
when the suddenly expanded flow field is from parallel nozzles. The abwe men- 
tioned oscillatory pattern of the base pressure is due to the wave structuae of the 
supersonic flow which is generated when the supersonic flow is experiencii^ a sud- 
den relief combined to the divergence of the stream lines which are exiting from 
the convergent— divergent nozzles. In the parallel nozzles even though the flow from 
the nozzle is experiencing sudden relief, the expansion fan formed outwarily from 
the nozzle exit takes the flow isentropically to the base region, thereby ensuring 
establishment of base pressures without oscillations. 

The oscillations of base pressure seems to be independent of the L/D of the en- 
largement. The base pressure oscillations for different combinations of parameters 
of the present experimental study is given in table 2 ..The present study indicates 
severe oscillations of base pressure for area ratio 2.89, at all the primary pressure 
ratios of the study. In fact, as predicted by Rathakrishnan et al [60], the present 
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parametric combinations as given in Table 2 seem to be those resulting in enhance- 
ment of oscillations instead of suppression. Oscillations observed were more violent 
for the models with cavity aspect ratio 2 for area ratio 2.89. 

4.1.6 Variatk n of Wall Pressure Along the Enlarged Duct 

The pressures at the inner surface of the enlarged duct along its length were mea- 
sured by wall pressure tappings provided as shown in Fig. 3. Care was taken to 
ensure that the tappings were in perfect line with the duct inner surface. In all 
cavities one pressure tap was provided at the middle of the cavity. Measurements of 
wall pressures were made for all the combinations of the ptirameters of the present 
experimental study. Few representative results showing typical development of flow 
along the length of the enlarged duct are presented here. 

For supersonic Mach numbers, Mach 1.74 at the nozzle exit has been chosen for 
the presentation of results. Results of pressure variation along the enlarged duct for 
the three area ratios of 10,6 and 2.89 are shown in figures 32, 33 and 34 respectively, 
with cavity aspect ratio and L/D as the parameters. The wall pressure has been 
non-dimensionalized with the ambient atmospheric pressure to which the flow from 
the enlarged duct was discharged. The axial distance along the enlarged duct has 
been non-dimensionalized with its length. From these results it is seen that the flow 
requires the length of the duct to be between 4 to 6 times the diameter for proper 
flow development taking the pressure which is low at the level of base pressure at 
the beginning of the enlarged duct to that of ambient atmosphere at the duct exit. 
When the length is less than 4, the flow does not find enough contact area available 
for its development taking its pressure from base pressure to atmospheric pressure 
at the exit, as it is clearly seen for L/D equal to 2 and area ratios 2.89 and 6. For 
area ratio 10, since the establishment of base flow itself is not possible, the flow just 
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Tabic 2; Parametric Combinationa for oboerved oscillations 


Nozzle 

designation 

Area Primary pressure 
ratio ratio 

Cavity aspect 
L/D ratio ratio 

N2 

6.00 

3.48 

5 

2 

Na 

6.00 

3.48 

6 

2 

Na 

6.00 

3.21 & 3.48 

8 

2 

Na 

6.00 

3.21 k 3.48 

10 

2 

Na 

2.89 

3.48 

6 

1 

Na 

2.89 

2.65 

2&3 

2 

Na 

2.89 

2.10 k 2.38 

4 

2 

Na 

2.89 

2.10 k 2.38 
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Figure 32: Wall pressure variation with X/L 



















gets discharged to ambient atmosphere almost right from the beginning of the duct. 
For L/D more than four, the flow exhibits almost uniform pressure upto 20% of the 
duct length, and then steeply rises to the level of the ambient atmosphere. This rise 
becomes steeper with increase in L/D for area ratio 6 and 10. However, for area 
ratio 2.89, the pressure decreases below the base pressure in the vicinity of the base 
region and then starts increasing steeply attaining the ambient pressure at about 
90% of the length from cavity aspect ratio 1 and the plane duct. But for the cavity 
aspect ratio 2, it attains atmospheric pressure within 60% of length for L/D=4,and 
within 40% of length for L/D =6, implying that only for area ratio 2.89, the effect 
of aspect ratio is strong on the flow development in the enlarged duct whereas for 
area ratio 6, the effect of aspect ratio on flow development is less significant, and for 
area ratio 10, it is almost insignificant. However, for area ratio 6, the region of steep 
pressure rise,the effect of aspect ratio is to augment the pressure rise even though 
near the base and towards the duct exit its influence is almost nil. 

4.1.7 Wall Pressure Variations for Supersonic Mach Num- 
bers (1-2.75) 

The results of wall static pressure variation along the enlarged duct length for the 
supersonic Mach numbers of the present experimental study, from Mach 1 to Mach 
2.75 for area ratio 2.89 are presented in figures 35,36 and 37. Although six primary 
pressures 2.10,2.38,2.65, 2.93,3.21 and 3.48 have been used for experimentations, 
but primary pressure 2.65 has been taken as representative. The effect of change of 
model area ratio on flow development is already discussed earlier. From these results 
it is seen that as one could expect, the enlarged duct should have a definite minimum 
length for the sujxir.sonic flow from the nozzle exit to decelerate by increasing its 
static pressure from the base pressure value to atmospheric pressure level at the exit 
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Figure 37: Wall pressure variation with X/L 




of the duct. For the plane duct, this minimum is around six time the diameter. For 
enlarged duct with cavity this length is marginally less than that for the plane duct 
as seen from the plots as in the case of subsonic flows. When the length of the duct 
is very small, the flow does not seem to attach with the wall and develop further 
as it is seen from the results. The cavity with aspect ratio 2 is found to introduce 
disturbances which make the wall pressxire development from base pressure level 
at the entry to enlarged duct to ambient pressure at its exit to take an oscillatory 
pattern, as seen from Fig.35. For cavity aspect ratio 1, there is no such noticeable 
oscillation of the wall static pres.sure variation. Prom these results it is obvious that 
once the flow negotiates the wave dominated base zone, its behavior is almost same 
as that of subsonic flow from the nozzle. 

The results of wall static pressure variation along the enlarged duct for area 
ratio 6 are presented in figures 38, 39 and 40 for the plane surface and duct with 
annular cavities. 'riu‘.se result.s once again reiterate that the duct should have a 
definite minimum length for the flow to expand to the level of ambient atmosphere 
for all Mach numbers. For this area ratio again, the minimum length is four times 
the diameter. When the length is increased beyond 4, the pressure plots show a 
tendency to combine into a single curve, levelling off at P^jPa = 1 for all Mach 
numbers from 1 to 2.75 of the present study. This merging phenomenon seems to 
improve with increa.se in annular cavity aspect ratio . This may be due to the fact 
that the secondary disturbance created by the cavities compel the main stream to 
attain uniformity of the pressure field at all Mach numbers, once the flow comes out 
of the base region. 

The pressure fields of the enlarged duct with area ratio 10 are presented in 
figures 41, 42 and 43. The wall static pressure distribution for the straight walled 
duct shows considerabh' osc illation at Mach I whereas the oscillation is suppressed 
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Figure 40: Wall pressure variation with X/L 
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considerably by the anunlar cavity with aspect ratio 1. Whereas for aspect ratio 
2 these oscillations are almost completely suppressed. Further, when the L/D is 
more than 4, the {»ressur<! plots actually merge into a single curve at = 

1 beyond 60% of tin* duct length. 'I’his tendency of the pressure field attaining 
complete adaption is due to the signilicant relief effect experienced by the flow for 
this area ratio. Here again the duct must have a definite minimum length for proper 
developemcut of the flow. 

I'Vom tin; abov<‘ r<‘sults of wall pr(;ssurc variation along the length of the enlarged 
duct with ami without cavith's, it is evident that at supersonic nozzle exit Mach 
numbers, the duct L/l) shouhl be more tlian 4 for proper developement of the 
flow, 'I'his Iv/D r<*<iuirem(mt of flow development is independent of the area ratio of 
model. Further th<‘ cavity s«‘<‘ms to be effective in suppressing the oscillation when 
its effect is comliiiu'd with considerable relief effect provided by large area ratio. 
The o.scillation su|>pression seems to improve with increase in annular cavity aspect 
ratio from 1 to 2. 

4.1.8 Variation of Pressure Loss with Nozzle Exit Mach 
Nuiulior 

Tlie total pressute lo.ss at ail flow conditions of the present study was estimated 
as perci'iitage pri'SKun': loss, from the me<isurcinents of tlie total pressure at the exit 
plane of the enlai/'cd duct and th<! settling chamber pressure. The total pressure at 
the exit of the enlarged duct was measured using a Pitot probe located at the center 
of the exit plane in conjunction with a U tube mercury mauonictcr. 

Tlie mt:<nsured total pressure loss as a function of nozzle exit Mach number is 
|)r<i.sent<'d in liguies 41, 45 and 4(i for the three primary pressure ratios of 2.10,2.6o 
and 3.48 lor mod.-l aiea ratio 10. From these Figures it is seen that the pressure ratio 
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shows a randotn behavior with b/I) U|)l,o 2 and for higher L/D from 4, tliorc is a well 
defined variation of pressuK! loss with Mach number showing a marginal increase 
with Mach nunilxn in the. iang<. of I to l,oB and then it remains almost constant with 
Mach number. I'his kind of trend of total pressure loss variation with Mach number 
showing a random variation with Mach number may be attributed to the wave 
structure of the supersonic field prevailing inside the enlarged duct in combination 
with the relief ell'ect experienced by the flow when the length of the duct is short. 
When the duct length is con.siderably large for the waves from the nozzle exit to get 
rellecb^l from the duct wall, the How after paM.sing through few such r(!ll<:cted waves 
experience.s a smooth development leading to continuous deceleration and increases 
the pres.suri; to atmo.spluuic h'vel as it reaches the duct exit. This phenomenon 
takes place with all Macli numbms when the hmgth is sullicicntly long and the loss 
experienced by the How <-xhibits almost sauu! level at all Mach numbers. Further, it 
is obvious from tlu'.si' ri'sults that the cavity asjiect ratio effect on the pressure loss 
shows significant inflm'iicir for nuxlel h/I) ratio le.ss than 3. For L/U more than 4 
the effect of cavity on pressurr; lo.ss is only marginal. 

Pressure loss r<*.sults for art‘a ratio (5 are pr<isented in figures 47 to 49, all other 
parameters remaining sam<^ a,s above. From these figures again it is observed that 
for model with L/I) h'ss than 2, the pressure lo.ss variation with Mach number is 
random and for Ij/D 4 and above the [iressure loss shows a steep increase with Mach 
number in the rang<‘ of M from 1 to 1.58 and then shows only a marginal increase 
for Mach numbers more than 1.58. I'liis trend is same for all the pressure ratios 
tested, 'Flu; fuspect ratio of the cavity influences the pressure loss significantly even 
for the ducts with L/I) more than 4. This may be due to the fact that when the area 
ratio decreiwes frtnn ID to (i, the relief effect experienced by the flow gets reduced 
considerably and tlx* .secondary disturbance in the form of vortices introduced by 
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the cavities could be able to interfere with the flow considerably. 

The pressure loss results for area ratio 2.89 given in figures 50 to 52 for the three 
values of the primary pressure ratios. Here it is seen that the effect of cavity as 
the pressure loss is predominant even for ducts with L/D more than 4. Again this 
domination increases with increase in primary pressure ratios, making the pressure 
loss to vary randomly with Mach number even for L/D more than 4. This can be 
clearly attributed to the reduced relief effects because of the low value of area ratio. 
Also, the secondary vortices generated by the cavities for this area ratio are in a 
position to have severe interactions with the main flow, thereby making the entire 
flow field upto the exit of the duct, oscillatory. 

4.1.9 Variation of Pressure Loss with L/D Ratio 

The results of measured pressure loss as a function of L/D are presented in Figures 
53, 54 and 55. For area ratio 10 and 6, the pressure loss increases steeply from L/D 
1 to 3 and then it assumes a constant value and becomes independent of L/D. This 
trend is common to all the primary pressure ratio of the present scheme. The cavity 
aspect ratio also does not have any effect on pressure toss for L/D more than 4 for 
the above area ratios at all the primary i)res8urc levels. Even for L/D less than 3, 
the effect of cavity on pressure loss is only marginal for area ratios 6 and 10. 

For area ratios 2.89, the pressure loss depends very strongly on L/D as well 
as cavity aspect ratio at all levels of primary pressures. However, the pressure 
loss increases drastically for L/D in the range from 1 to 6 and then slowly levels 
off to a constant value at L/D=10. The increase in cavity aspect ratio results in 
increase of pressure loss as the primary pressure increases for most of the runs 
made. However, there are some measurements resulting in smooth walled ducts 
experiencing less pressure loss compared with duct with annular cavity. This may 
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be clue to inea-sureinent uncertainties since the pressure field was oscillatory and the 
mean value of the pressure wiis recorded as the representative value. But for this 
discrei)ancy, the smooth ducts always experienced lesser pressure loss compared to 
duct with annular cavities, as expected. 

The cross plot of pressure loss with L/D for area ratios 2.89, 6 and 10 are shown 
respectively in figures 53, 54 and 55. It is seen from these results that there is drastic 
increase of pressure loss with L/D from 1 to 4. For L/D from 4 to 10, the pressure 
loss is only marginal as seen earlier. Further, the predominant effect of cavity aspect 
ratio on pressure loss for small values of L/D compared to it is longer values also 
seen from these results. 

4.1.10 Variation of Pressure Loss with Primary Pres- 

sure Ratio 

The measured pressure loss results as a function of primary pressure ratio are pre- 
sented in figures 56, 57 and 58 for area ratios 10,6 and 2.89. From these results it 
is evident that for all the area ratios when the L/D ratio is less than 2, the pressure 
loss variation shows random nature with primary pressure ratio. However, for L/D 
more than 4, the pressure loss increases with primary pressure for area ratios 10 
and 6. But for model with area ratio 2.89,the pressure loss does not follow any well 
defined order even for L/D more than 4. This again may be attributed to the restric- 
tion in the relief experienced by the small area ratio there by allowing the waves 
generated at the exit of the nozzle to dominate the entire length of the enlarged 
duct. Whereas for area ratios 6 and 10, the relief effect is considerable and the flow 
assumes proper order within few diameters since the L/D more than 4 is sufficient 
for such phenomenon to take place. Further it is observed that the order of pressure 
loss is more with increase in length of the passage as one can expect since in addition 
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to the recirculating loss there are skin friction losses associated with the length of 
the passage when the flow expands in the etilarged duct. The present results even 
though for a particular nozzle exit Mach number of 1.74 they are representative of 
all the supersonic Mach numbers of the present experimental investigation. 

The cavity aspect ratio has significant influence on the pressure loss at all lengths 
of the enlarged ducts for area ratio 2.89. However, for area ratios 6 and 10 the effect 
of aspect ratio is predominant for L/D upto 3 and it is only marginal for L/D more 
than 4. 


4.1.11 Variation of Pressure Loss with Area Ratio 

The cross plots of total pressure loss with area ratio at Mach 1.74 is presented in 
figures 59, 60 and 61 for primary pressure ratios 2.10, 2.65 and 3.48, respectively. 
Here again the phenomenon ob.served already for pressure loss is reiterated that is 
for L/D more than 4 the pressure loss for area ratio more than 6 is almost a constant 
with the cavity aspect ratio having little influence on them. However, at area ratio 
2.89, the cavity aspect ratio influences the pressure loss significantly even at L/D 
6 and above. For shorter lengths of enlarged duct in the range of L/D from 1 to 
3 the pressure loss sliows random variation with area ratio at all levels of primary 
pressure ratios. 

4.2 Studies in Subsonic Regime 

4.2.1 Variation of Base Pressure with Mach Number 

The base pressure variation with Mach number in subsonic range for the three values 
of the model area ratios tested are presented in figures 62, 63 and 64. It is seen from 
these results that increase in Mach number results in monotonic decrease of base 
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Figure 61 : Pressure loss variation with area ratio 
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preasure for all the thrc<! area ratios at all values of L/D. However, for L/D = 1 the 
edect of Mach tiiunlx'r on base pressure does not assume any delined behavior. As 
discussed earlier, it is due to the fact that the enlargement length has to be more 
than a certain ininiinuin for the How exj)anding from the nozzle to gel attached 
with the enlarged duct thereby forming a recirculating zone at the base, thereby 
influencing the bjise pressure. In the present range of paramenlers, this minimum 
L/D seems to be 2. From here again, the Mach number increase resulting in decrease 
of base pressure is in very good agreement with the results of Rathakrishnan and 
Sreclomth [34] 

4.2.2 Variation of Base Pressure with L/D Ratio 

The base pressure results for subsonic Mach numbers are presented in figures 62 
to 64. Figure 65 gives the variation of base pressure with enlargement length to 
diameter ratio for Mach 0.60 for the three area ratios tested namely 10, 6 and 2.89. 
Also, the variation of l\/l\ with L/D for Mach 0.82 is given for area ratio 2.89 for 
comparison. From these results it is obvious that L/D more than 3 has got only 
marginal effect on the base pressure. Also base pressure assumes a minimum value 
at L/D about 5 to 6. This result is valid for all combinations of the parameters 
of the present study. Even though the cavity influences the base pressure for L/D 
more than 3, the fact that base pressure assumes a minimum for L/D in the range 
5 to 6 is not afl’ected by the cavity aspect ratio. This trend of drastic decrease in 
base pressure for L/D from 1 to 3 and base pressure attaining a minimum for L/D 
around 5 is in excellent agreement with the results reported by Rathakrishnan and 
Sreekanth [34], and Rathakrishnan et al [60]. Further it is seen from this figure 
that Mach number has got very strong influence on the base pressure making it to 
decrease with increase of Mach number. Further the cavities make the base pressure 
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to assutiK* higher valu<‘s at. all values of L/1). 


4.2.3 Viiriation of Base Pressure with Area Ratio 

The cross plot of base pressure with area ratio is shown in figure 66 for Mach number 
0.60. It is obvious from these results that increase in area ratio results in increase of 
base pressure as one could expect. Once again the effect of L/D on the base pressure 
is also seen from these results. 

4.2.4 Variation of Wall Pressure Along the Enlarged Duct 

The well static pressure in the enlarged duct for nozzle exit Mach number of 0.60 
are presented for all the three area ratios of the present study in figures 67, 68 and 
69. The effect of the annular cavity is also shown on these figures. The results for 
subsonic flow shows a trend which is completely different from that for supersonic 
flows. That is for a jilane duct without annular grooves the flow development from 
base region to duct exit shows an oscillatory nature. Whereas for ducts with cavity 
the oscillatory nature is sui)pre.ssed considerably. Further the increase in cavity 
aspect ratio seems to increase the suppression effect thereby making the flow to 
expand smoothly form base pressure level to almost atmospheric at the duct exit. 
These results are in very good agreement with the results of Rathakrishnan et al 
[CO]. Here again, is obvious from these results that the duct should have a definite 
minimum length for the flow from the nozzle to get attached and develop. Like in 
the case of supersonic Mach numbers the length of the duct required for proper flow 
development is around 4 times the diameter. One more result of interest from these 
plots is that the incrcixse in the relief effect due to increase of area ratio seems to 
enhance the oscillatory nature of the flow considerably. 
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4.2.5 Variation of Pressure Loss with Nozzle Exit Mach 
N mnber 

Tlie e/fcct of Mach numbers in the subsonic range on the total pressure loss is shown 
in figures 70, 71 and 72. Increase in Mach number results in increase of pressure 
loss, as expected. For all the area ratios the increase of pressure loss with Mach 
number is almost linear for L/D more than 4 at all area ratios. However, for small 
values of L/D in the range less than 2 there is no defined pattern of pressure loss 
variation with Mac h number. 

4.2.6 Variation of Pressure Loss with L/D Ratio 

The results of i)r<‘s.sure los.s in sub.sonic range of the nozzle exit Mach numbers are 
presented in figure 73, a.s a function of L/I) and cavity aspect ratio. The pressure 
loss shows a trcuid which i.s directly opposite of base pressure behavior with L/D. The 
prcsure loss increa.s(“.s driistically with L/U for L/D from 1 to 4 and then assumes 
almost a constant value. In the present flow system, the pressure loss is due to the 
vortices and the skin friction. At Macli O.GO, it is seen that area ratio 6 and 10 
experience maximum pressure loss of 20% where as the maximum loss for area ratio 
2.89 is 18%. I'he cause for this could be the following; 

Even though the vortices at the base zone of area ratio 2.89 is stronger than those 
for area ratio (i and 10, the (low has to pass through a larger surface area before 
exiting the duct for area ratio 6 and 10 compared to 2.89. Therefore, for the case 
of 2.89 area ratio even tliough loss due to vortices is more than that for area ratios 
6 and 10, the skin friction lo.ss should be much less than that in the ducts with 
area ratios 6 and 10, thereby making the flow in the larger ducts to experience more 
pressure loss compared to the flow through the smallest one. 
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Figure 71: Pressure loss variation with Mach number 
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Figure 72: Pressure loss variation with Mach number 
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The Mach number has got very strong influence on the pressure loss as it is seen 
from the comparison of the results for Mach 0.60 and 0.82 for area ratio 2.89. It is 
seen that increase of Mach number from 0.60 to 0.82 results in drastic increase in 
pressure loss from nearly 18% at Mach 0.60 to nearly 31% at Mach 0.82. This is 
due to the fact that both the loss due to vortices and due to skin friction increases 
with increase in Mach number in the subsonic region. 

4.2.7 Variation of Pressure Loss with Area Ratio 

The pressure loss variation with area ratio for Mach 0.60 is presented in figure 74. 
The pressure loss shows steep rise for area ratios from 2.89 to 6 and then it increases 
marginally from area ratios 6 to 10 for L/D more than 4. However, for small values 
of L/D, since the flow from the nozzle is not in a position to get attached with the 
duct wall and proceed downstream, the pressure loss variation with area ratio does 
not show any defined trend. 
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Chapter 5 


SUMMARY AND 
CONCLUSIONS 


From the results and discussions of the present experimental investigation presented 
in the previous chapter, the following are the main conclusions drawn. 

1. The base pressure is strongly influenced by the geometrical parameters viz. 
the area ratio of the passage, the length to diameter ratio of the enlarged duct 
and also by the nozzle exit Mach number. The effect of annular cavity on base 
pressure is only marginal. 

2. The base pressure is found to be oscillatory for flow from convergent-divergent 
nozzles, whereas, for flow from Laval nozzles the oscillations are almost in- 
significant. It is also insignificant for the flow from convergent nozzle. 

3. The annular cavities are found to increase the base pressure with increase in 
their aspect ratio for subsonic Mach numbers. However, for supersonic Mach 

* numbers the base pressure decreases for cavity aspect ratio 1 and it increases 
for cavity aspect ratio 2, for L/D ratio upto 4. For L/D ratio more than 4, an 
increase in base pressure is always observed with increase in aspect ratio at all 


108 



supersonic Mach numbers and for all the area ratios tested, it is also observed 
that the length to diameter ratio beyond 6 is of no significant influence on the 
base pressure. 

4. Base pressure is found to increase with increasing Mach numbers in the su- 
personic range. In subsonic range a decrease in base pressure is observed with 
increase in Maich number. Considerable oscillations were observed at few pri- 
mary pressure ratios for flows with supersonic Mach numbers. Influence of 
cavities is less pronounced for flows with high Mach numbers. It was also 
found that the base pressure behaviour was smooth and without oscillations 
for flow from convergent nozzle in the Mach number range of O.CO — 1.00. 

5. The effect of cavity on wall pressure development in the enlarged duct is 
marginal at supersonic flows, whereas it is significant for subsonic Mach num- 
bers. The wall pressure distribution in the enlarged duct revealed that the 
duct should have a definite minimum length for proper development of the 
flow. 

6. The effect of aspect ratio on wall pressure is only marginal for supersonic Mach 
numbers, whereas it is considerable for subsonic Mach numbers resulting in 
the suppression of the oscillatory nature of wall static pressure field, thereby 
taking it smoothly from base pressure level to ambient atmosphere at the exit 
of the duct. 

7. Total pressure loss increases with increase in Mach number, primary pressure 
ratio, cirea ratio and L/D ratio. In supersonic regime pressure loss increases for 
models with cavity cispect ratio 1 and decreeises for models with cavity aspect 
ratio 2 for L/D ratio up to 4. rrcssure loss is more for convergent divergent 
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nozzles in comparison to nozzles with method of characteristics contour. 

8. F'or a given primary pressure ratio and area ratio there exists a definite crit- 
ical length of the enlargement giving a maximum secondary vacuum and a 
minimum pressure loss. 


110 



Appendix A 

DATA ACCURACY 


The main source of error in the measurement is clue to fluctuations in the pressure 
values measured. Attention was paid to minimize the error in the measurement 
wherever possible. The presssure data reported are accurate upto 2% and they 
are repeatable within 3% even with the considerable oscillations. The geometrical 
parameters viz. the L/D ratio, area ratio and cavity aspect ratio are accurate upto 
approximately 2%. 
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Appendix B 

SCOPE OF FURTHER 
RESEARCH 


111 the present investigation even though a wide range of Mach numbers and area 
ratios were covered, the maximum Mach number wcis 2.75. Further, the area ratio 
had only three representations in the range from 2 to 10. Also, the passive control 
used is of specific geometry in the form of annular rectangular grooves. The problem 
of sudden expansion requires much more investigation incorporating a more wider 
range of parameters because of the above limitations. The specific recommendations 
for the future work based on the experience gained with the present investigation 
are the following: 

• It will be of interest to study the problem with Mach number higher than 2.75. 

• The coverage of area ratio in finer increase around area ratio 3 is expected to 
give a better understanding of the flow field. 

• The passive controls in the form of grooves with cross-section other than 
rectangular will be able to throw some more light on this problem. 
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• Study with two dimensional sudden expansion passeges will be of interest in 
the sense that the supersonic wave pattern at the base region can be optically 
visualized. 
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